Abstract: Microstructural observations of clayey soils indicate that clay particles are aggregated in units of low internal porosity (microporosity). Larger voids (macroporosity) between those units are associated with the flow of free water. Within this context, the secondary deformation of clay is interpreted as being a consequence of local mass transfer of water from the micropores to the macropores. The capability of a model based on this idea to reproduce the effects of loading history on the secondary compression of clay is explored. An experimental test program has been performed, secondary compression records have been interpreted within the proposed theoretical framework, and material parameters have been derived. The simulation of additional validation tests has been successful. The theory and model developed provide a unified framework for compression, as well as swelling secondary deformation.
Introduction
Secondary compression of clays has usually been modelled with rheological models (Gibson and Lo 1961; Bjerrum 1967 Bjerrum , 1972 Nash 2001 ) and other phenomenological formulations that have been discussed in Imai (1995) and Tatsuoka et al. (2000) . From a different perspective, some authors have understood secondary compression as a local mass transfer of water between the soil macrostructure and the associations of clay particles (microstructure) (de Jong 1968; Berry and Poskitt 1972; Mitchell 1993; Sills 1995) . On the basis of similar ideas, Navarro and Alonso (2001) presented a framework for the long-term compression of clays. The model was successfully applied to the analysis of simple records of primary and secondary compression of three different clay soils. Nevertheless, the capability of the model to describe the secondary response induced by a general preloading history was left unexplored. The objective of this paper is to extend the existing framework to address the effect of loading-unloading histories on subsequent secondary deformations. Model predictions are compared with the results of long-term compression, and swelling was recorded.
Theoretical framework
Within a given representative volume of soil, water occupying the larger open voids (macrostructural water) and water filling the small voids inside the clay aggregates (microstructural water) may be interchanged as a result of local differences in their chemical potentials (µ M and µ m respectively). This process may be interpreted also as a phase change between two states of the same fluid. If a linear approach is used (de Groot and Mazur 1984) , the mass exchange of water may be determined by [1] c m = α(µ M -µ m )
where α is a phenomenological transfer coefficient; and c m is the mass-transfer rate per unit volume. If the macrostructural water is assumed to be an ideal solution, its chemical potential may be deduced from Edlefsen and Anderson (1943) :
where µ Vo ( ) T Vo is the chemical potential of water vapour in equilibrium with macrostructural water at temperature T and reference pressure p Lo ; MW W is the molecular weight of water; ρ W is the bulk water density; p L is the pressure of the liquid in the macrostructure; R is the universal gas constant: and x M is the mole fraction of the macropore water (x M = n M /n L , where n M is the number of moles of macrostructural water and n L is the total number of moles of macrostructural liquid (water plus dissolved salts)).
The chemical potential of the microstructural water was shown to be (Navarro and Alonso 2001 ) the following:
where the function π is the swelling pressure; ρ m is the density of the micropore water; and e m is the microstructural void ratio (defined as volume of voids in the microstructure/ volume of clay minerals). Note that e m should be distinguished from both the macrostructural void ratio, e M (defined as volume of voids in the macrostructure/volume of clay minerals), and the conventional void ratio e (e = e M + e m ).
The function π defines the stress that must be applied to ensure that under temperature T, the void ratio of the microstructure is e m when the macrostructural water is at the reference pressure (usually atmospheric). Equation [3] can be viewed as a generalization of the classical expression of Low and Anderson (1958) for when an arbitrary stress reference state, σ, is introduced. The effect of temperature on π is not discussed in this paper. Equation [3] was derived for a constant mass of solid. Therefore, both the mass of clay minerals and the mass of exchangeable cations are assumed to be constant. This assumption does not hold for ion exchange processes, where both the amount and the kind of exchangeable cations would change. These exchanges will affect the soil microfabric, modifying its swelling potential and, as a consequence, the chemical potential of its micropore water. Although the structure of eq.
[3] will hold if substantial changes in exchangeable cations are expected, the expression used to compute the swelling pressure should be progressively updated to maintain the value of π consistent with the current microfabric.
Swelling pressure determined in natural and compacted clayey soils is often exponentially related to dry density or the void ratio. In contrast, swelling strains measured in soaking-under-load tests seem to depend linearly on the logarithm of applied confining stress (Alonso et al. 1987) . These experimental observations suggest that an appropriate relationship between π and e m should be of the following form:
where the constant D depends on the soil type and temperature and describes the microstructural deformability; and the subscripts "f" and "o" refer to two reference states (final and initial, respectively). Using eqs.
[2] and [3], eq.
[1] may be expressed as
where G is the microstructural-macrostructural water transfer coefficient; and π B is defined as
where π B may be interpreted as the water pressure potential that the "boundary" (loading and state of the macrostructural water) imposes on the microstructure. Note that in the case of pure water (x M = 1), if the reference pressure, p Lo , is taken as zero for convenience, the stress π B becomes essentially the effective stress. It will be exactly the effective stress if the densities of adsorbed and free water are equal. In eq.
[5], the term G describes the microstructure to macrostructure water transfer properties. Navarro and Alonso (2001) performed an analysis of a standard consolidation test on an undisturbed clay sample from Ares Estuary in Galicia, Spain (w L = 51%; w p = 38%; w = 40%, where w L is the liquid limit, w p is the plastic limit, and w is the natural water content) to compute the value of G/ρ m . The obtained values for the steps 80-150, 150-300, and 300-600 kPa of the secondary consolidation stage are shown in Fig. 1 . It can be seen that G/ρ m decreases with the reduction of void ratio. This reduction is initially fast, but it slows down as the soil deforms. The three records plotted in Fig. 1 are similar, and they may be approximated by exponentially decaying functions. Figure 1 also shows that whenever a new load is applied, the secondary deformation process proceeds at rates similar to the rates recorded at the start of previous loading steps. There is, however, a slow absolute decrease of the transfer coefficient G/ρ m as the deformation accumulates. These trends suggest that the local dehydration process may be approximated by microconsolidation phenomena in which the clay clusters or clay aggregates lose water toward the macropores. If aggregates are described by some regular geometry, such as microlayers with double drainage, the classical theory of consolidation offers the possibility of finding an expression for G/ρ m .
Within this analogy, the excess pore water pressure inside a consolidating microlayer will be a measure of the difference between the effective stress inside the aggregates, π, and the stress imposed on their boundaries, π B . Then, the following relationship may be found between the volumetric deformation rate (rate of water expelled from the aggregates, q m = c m /ρ m ) and the average excess pore water pressure in the consolidating layer, u: Fig. 1 suggests that consolidation of the clay aggregates may be a suitable physical explanation for the delayed deformations. It should be added that this analogy incorporates in a natural way the observed recovery of initial secondary strain rates whenever a new incremental load is applied to the soil. If these results are taken into account, the following relationship between G/ρ m and the change in microstructural void ratio is suggested:
where c is a material parameter; and the decrease in microvoid ratio (∆e m ) starts at the current void ratio at the beginning of every new loading increment. If eq.
[4] is taken into account, eq.
[9] may be rewritten as
The material parameter c is a global measure of the shape, size, permeability, and stiffness of the clay aggregates. Equations 7 and 8 provide an interpretation of this relationship. Therefore, C (= D/c) synthesizes the effect of clay aggregate structure on the evolution of the rate of mass interchange. On the other hand, the initial value of the transfer term, g 0 = (G /ρ m ) 0 , seems to depend on the current value of the microvoid ratio (Fig. 1) . This dependence appears to be weak, but it has an obvious sense: one should expect a progressive difficulty inmicrostructural-macrostructural water transfer as the soil structure becomes more compressed. However, a sufficiently satisfactory fit was obtained for the Ares clay using a constant g 0 (see Fig. 3 , where D = 3.38 × 10 -2 , c = 2.78 × 10 -3 , and g 0 = 1.05 × 10 -6 (s·kPa) -1 ). If g 0 is assumed to be constant, the material parameter H is also a constant; it defines the mass-transfer coefficient at the beginning of the secondary compression (eq. [10], for π = π B ).
The conventional secondary index, C α , can be derived in terms of the parameters of the model described here (Navarro and Alonso 2001) . It was found that C α depends on time and on the particular loading step considered. Further discussion concerning C α and its relationship with the theory presented is given in the same reference.
To solve general one-dimensional consolidation problems, eq.
[5] should be introduced into the balance equations for both macrostructural water and microstructural water (Navarro and Alonso 2001):
where the operator D S (•)/Dt is the material derivative with respect to the movement of the solid skeleton; and q M is the mass flow of macrostructural water. In the present paper only thin samples were tested, and a traditional uncoupled approach has been adopted. Therefore, attention is paid to secondary compression only. A parameter estimation program that identifies secondary compression parameters was written in connection with a finite difference program that solves the differential equation (eq. [12]) for secondary deformations. The "search space" for the identification procedure is the three-dimesional space D-C-H of all feasible parameters. This is a large space, and the existence of local minima for the objective function is very likely. If there is no reliable first estimation of parameters, minimization methods based on gradient techniques (Gauss-Newton or Levenberg-Marquardt) or even Powell's method will probably end in a local minimum. To avoid these difficulties, an identification criterion based on minimum root mean square errors was put forward. The "shape" of the root mean square error was characterized along the search space by means of an algorithm for systematic sampling. A dense population of parameter vectors was generated, and the estimation error associated with each of them was computed. The best approximation was then identified, and the optimum set of parameters was determined.
Stress path effects
The outlined theoretical framework provides the basis for discussing the expected secondary response of a soil subjected to loading paths inspired by the usual preloading strategies. It will be assumed, for simplicity, that no salts are Can. Geotech. J. Vol. 42, 2005 present in the macrostructural water and that the densities of free water and microstructural water are equal. The potential of the free water vapour, µ Vo , will be taken as the reference (zero) value.
Consider first the effect of a loading-unloading cycle characterized by a given value of the overconsolidation ratio (OCR). The void ratio -effective stress compression curve is indicated in Fig. 4a . The sample will be initially equilibrated under stress σ 1 ′ at point A. If the stress σ 1 ′ has been acting for a long time, the swelling pressure, π, will also be equal to σ 1 ′ . This is indicated in Fig. 4b . A loading step ( ) σ σ 1 2 ′ − ′ is now applied. Once the transient hydrodynamic (primary) period is completed the new position of equilibrium will be point B in Fig. 4a . However, this is a fast change, and therefore the microstructural equilibrium stress, π, will not change. The sample is now maintained under a constant effective stress, σ 2 ′ , at point B for a certain period. Secondary (microstructural) deformations develop, B → B α (Fig. 4a) . Then the sample is unloaded, B α → C; and once the primary expansion is completed, a new equilibrium point, C, is reached. The sample is finally maintained at point C, and as time increases, secondary deformations develop, C → C α .
Note that the creep stage at point B generates microstructural deformations (∆e mi ), which will increase the microstructural equilibrium stress to point B α (Fig. 4b) .
However, the (fast) unloading, B α → C, does not introduce changes in the microstructural stress π. Therefore, the creep stage at point C will start when the effective stress on the sample is σ 3 ′ , whereas its microstructural equilibrium stress is given by π Β α in Fig. 4b . Notice that σ π 2 Β α ′ > , and therefore the microstructural-macrostructural potential gradient implies a dehydration of the microstructure and an additional secondary compression, which will progressively move the equilibrium state of the microstructure toward position C α .
Consider, however, the same test in Figs. 4c and 4d , with the sole difference of allowing a longer secondary creep stage at point B. The result of this longer creep is that the new microstructural equilibrium stress at B α (π Β α ) exceeds the unloading stress σ 3 ′ (σ π Β α 3 ′ < ). Then, the water potential gradient established between microstructures and macrostructures at point C after unloading reverses sign, and hydration of the microstructure is predicted. This phenomenon leads to delayed soil swelling. This example illustrates the fundamental role played in the model by the microstructural equilibrium stress: controlling long-term compression or swelling phenomena as a response to changes in confining stress.
The unloading step (σ 2 ′ -σ 3 ′ ) may be characterized by a formal OCR (OCR = σ σ 2 ′ ′ / 3 ). It is clear that an increase in OCR leads first to progressive reduction of delayed com- pression and eventually to long-term soil expansion. The transition is, however, smooth and continuous.
Other paths may now be easily analysed. Consider, for instance, the three alternative paths plotted in Fig. 5a . Path ABCDD 1 implies rapid loading-unloading. It is a primary path. At point D 1 = C 1 , the microstructure has not been dehydrated, and the equilibrium microstructural stress remains at its original value (Fig. 5b) . The other alternative paths (path ABB 1 B 2 , which accumulates the higher creep strain; and the intermediate path ABCC 1 ) imply periods of creep before the target point C 1 is reached: they imply different π stresses on the microstructure, as indicated in Fig. 5b . Therefore, once the specimen is maintained under constant effective stress σ c ′ , the long-term reaction of the three cases considered will be different, as illustrated in Figs. 5c and 5d. The largest secondary strains are predicted for path ABCDD 1 , because this path implies the largest unbalance between the boundary stress, σ c ′ , and the current microstructural equilibrium stress (the swelling pressure), π A . The minimum development of creep strain is found for the path ABB 1 B 2 , because the soil microstructure is loaded with the maximum equilibrium stress, π B1 (and the applied effective -or boundary -stress remains the same).
The results of a series of laboratory tests following the stress paths qualitatively indicated in Figs. 4 and 5 will now be compared with model predictions.
Test results and model predictions

First series of tests: effect of OCR and preloading time
Samples from the Llobregat Delta silty clay, taken in boreholes, were selected for several long-term oedometer tests. The idea was to investigate the soil response under the type of stress paths usually imposed by preloading, as described before. The soil tested is a low plasticity silty clay (w L = 32%; w P = 18%). Values of the virgin compression in- dex, C c , varied between 0.1 and 0.3. The ratio C s /C c was found to be 0.12 on average. The C α values were determined in situ by interpreting long-term extensometer data of the mentioned preload test. These C α values were found to vary between 2 and 8 × 10 -3 under normally consolidated conditions. For the purposes of the present investigation, natural soil with a water content close to the liquid limit was remoulded to initially prepare the specimens. Samples 8 mm thick were tested in oedometer cells. For this thickness, primary consolidation was essentially completed within the first 100 s of loading-unloading. All the deformation histories presented in the paper correspond to measurements taken at times in excess of the first 100 s after loading or unloading.
Nine consolidation tests were performed. They are defined in Table 1 in terms of consolidation stress, σ 2 ′ (refer to Figs. 4a and 4c) ; unloading stress, σ 3 ′ ; and time spent under σ 2 ′ , t ′ σ 2 . During the first part of a given test, samples were loaded in small steps until a vertical stress of 100 kPa was reached. This stress was maintained for 1 h. Then the stress σ 2 ′ and the rest of the testing protocol were applied. The final part of all tests involved the recording of sample settle- 
′ ′
/ . Tests were performed in series of three specimens manufactured from a common batch of remoulded soil. Each one of these series is characterized by a common consolidation time under σ 2 ′ and varying OCR, as indicated in Table 1. Once a test series was completed, a new batch of remoulded soil was prepared for the next series of three tests. Figure 6 shows the complete deformation-time history of the three specimens corresponding to a consolidation time, t ′ σ 2 , of 100 h under σ 2 ′ . After unloading, when the specimen is maintained under σ 3 ′ = 200 kPa, the secondary strains recorded (that is, deformations experienced for times in excess of the first 100 s) show the effect of OCR. For a low value (OCR = 1.05) the specimen exhibits a long-term compression creep. However, at OCR = 2, a long-term expansion whose rate decreases with time is recorded. When the secondary strain-time behaviour recorded in all specimens under the common σ 3 ′ = 200 kPa is plotted together with a common time origin (Fig. 7) , the joint effect of OCR and preloading time is observed. Long-term compression, which corresponds to low OCR and short preloading times, gradually evolves towards a long-term expansive behaviour when OCR and preloading time increase.
The parameter estimation procedure described before was applied to the set of nine long-term tests performed; the identified parameters are given in Table 2 for each of the tests performed. The presence of salts in the macrostructural water was disregarded. A temperature of 20°C was maintained almost constant during the tests.
A comparison between measured secondary deformations under σ 3 ′ = 200 kPa and model computations is given in Figs. 8a-8c . The accuracy of the simulations of each individual test is very good, and this shows the flexibility of the model to reproduce the observed secondary behaviour. However, a satisfactory prediction requires that a single set of model parameters be able to reproduce the whole set of tests performed. Variability between different samples is always unavoidable, but some of the adjustments between model and experiment had a low correlation coefficient. This is the case with tests 500.105 and 100.105, which correspond to a low OCR (OCR = 1.05). In those two tests the preconsolidation load was maintained for a relatively long time: 500 and 100 h, respectively. The values of the parameter D identified for these two tests were significantly higher than the rest of the D values (see Table 2 ). The actual deformation records for these tests performed at a very low OCR (see Fig. 8c ) suggest that friction could have had a significant effect, reducing the measured effect of unloading. Apparently, the short preloading time for test 10.105 (10 h), performed also at OCR = 1.05, reduced this frictional effect. In tests 100.120 and 10.200, swelling develops in steps, a phenomenon that may also be associated with side friction. In tests 100.120 and 10.200, unlike in the rest of the experiments, swelling is recorded first and a (small) compression is measured at the end.
Despite these observations, the set of identified parameters shown in Table 2 exhibits significant similarities. A single set of parameters was identified for the tests not affected by the preceding comments: 500. 200, 500.120, 100.200, 10.120, and 10.105 . In this case a joint optimization procedure was followed, and the derived parameters are shown in Table 3 . Figure 9 shows a comparison between measured secondary deformations and model predictions. The correlation coefficient between calculated and measured values is very high: 96.5% (Fig. 10) . The set of tests represented in Fig. 9 covers the full range of observed responses, which evolve from a marked secondary compression for low OCR and short preloading time (test 10.105) to a significant secondary swelling for high OCR and long preloading times. This transition is related to the evolution of the pressure potentials π and π B (essentially, the effective stress). Model behaviour may be conveniently followed if these two potentials are calculated along time for the five selected tests. This was done through the finite difference program previously mentioned. Results are represented in Fig. 11 . Whenever π > π B , a swelling behaviour will develop because a transfer of free (macrostructural) water toward the microstructure takes place. This is the case with test 500.200 (see Fig. 11 ) when the stress on the specimen is reduced to 200 kPa after a period of 500 h of secondary creep. By that time, the swelling pressure of the microstructure has reached a value of 397 kPa > 200 kPa, and water will be adsorbed onto the clay microstructure. In test 10.105 (see Fig. 11 ), the development of swelling pressure during the fast creep interval before unloading is very small (π has reached a value of 105 kPa), and further compression creep should be expected for the final stress (σ 3 ′ = 200 kPa) because π < π B and water will abandon the microstructure. Validation tests: alternative stress-deformation paths ending in the same state In the case plotted in Fig. 5a , the idea was to check the model by performing new creep tests, of a different nature, once the basic soil parameters had been identified through analysis of the first series of tests. Parameters given in Table 3 were assumed to represent the secondary behaviour of the Llobregat Delta silty clay. In fact, the tests performed involved a double check, because the tests had first to be defined. Once a target stress to measure creep is selected (σ C ′ = 200 kPa), the values of preloading stresses σ B ′ and σ D ′ and the associated preloading creep times had to be found so that the deformation plot shown in Fig. 5a could be produced with a common final point in C 1 . The test was therefore designed with the help of the program written to solve the primary and secondary consolidation problem, following the developed theory. The derived preloading stresses and creep times are indicated in Table 4 .
Three specimens of the reference soil were then prepared under conditions identical to those for the first series of tests. The specimens were subjected to the stress-time paths defined by Fig. 5a and Table 4. Once the specimens had reached the common state at point C 1 , the secondary strains were measured for an additional period of 11 days. The Table 1 ) under σ 3 ′ = 200 kPa. Fig. 10 . Correlation between measured and simulated secondary compression for tests analysed in Fig. 9 . Displacements are normalized with respect to the maximum value measured at each individual test. measured secondary behaviour and the model prediction using the parameters of Table 3 are plotted in Fig. 12 . The model seems to capture the soil behaviour in a consistent way. The measured intensity of the secondary strains is ordered in the manner predicted by the theory. The correspondence is also good from a quantitative perspective, and this provides encouraging support to the proposed model.
Summary and conclusions
Long-term deformations (expansion or compression) have been associated with local hydration or dehydration of the soil microstructure. A workable model in terms of the macrostructural liquid pressure and the microstructural void ratio has been proposed. In this model, three material parameters control the delayed deformation. Their physical nature has been discussed through an interpretation of the local water transfer in terms of microconsolidation phenomena.
Model calculations have been compared with the results of three series of oedometer tests designed to investigate the © 2005 NRC Canada Alonso and Navarro 391 Table 4 . Definition of the stress-time path (Fig. 5a) . Table 4 ).
effect of OCR and preloading times. The model is capable of making satisfactory quantitative predictions from longterm compression to long-term expansion when OCR and preloading times increase. This is not common in existing models for secondary deformations, which usually are oriented to compressive strains. Perhaps more relevant is the fact that this model provides a consistent interpretation of the experimental observations. Examples have also been given of the evolution of the basic constitutive functions (such as water potentials and swelling pressure) as the soil deforms. A validation series of tests has also been presented, and these compared satisfactorily with model predictions.
The model seems to provide a comprehensive and fairly simple interpretation of delayed deformations of clayey soils under general preloading-time (or strain) histories.
